The epithelial-mesenchymal transition (EMT) contributes to cancer progression, as well as the development of normal organs, wound healing and organ fibrosis. We established a cell-based reporter system for identifying EMT-inducing microRNAs (miRNAs) with a gastric cancer (GC) cell line, MKN1, transfected with a reporter construct containing a promoter sequence of VIM in the 5′ upstream region of the TurboRFP reporter gene. Function-based screening using this reporter system was performed with a 328-miRNA library, and resulted in the identification miR-544a as an EMT-inducing miRNA. Although miR-544a is already known to be involved in the regulation of CDH1, the mechanism by which EMT occurs remains poorly understood. Herein, we demonstrated that overexpression of miR-544a induces VIM, SNAI1 and ZEB1 expression, and reduces CDH1 expression, resulting in an EMT phenotype. In addition, we found that CDH1 and AXIN2, which are related to the degradation and the translocation of β-catenin, are direct targets of miR-544a. Subsequently, the reduction of CDH1 and AXIN2 by miR-544a induced the nuclear import of β-catenin, suggesting that miR-544a may activate the WNT signaling pathway through the stabilization of β-catenin in nucleus. Our findings raise the possibility that inhibition of miR-544a may be a therapeutic target of metastatic GC.
Introduction
Gastric cancer (GC) results in a considerable amount of morbidity and mortality, and the incidence of GC is the fifth most common malignancy worldwide. Seventy percent of these cases occur in developing countries, among which half occurs in East Asia (1) . In Japan, GC was the second leading cause of cancerrelated death in 2013 (2) . Clinically, it has recently become possible to cure GC completely if detected early. However, the prognosis of metastasized GC still remains poor in contrast to that of early GC.
Recently, there is growing interest focused around understanding the role of the epithelial-mesenchymal transition (EMT) in cancer progression (3, 4) . It is known that EMT contributes to increasing migration, invasion and metastasis in cancer, and also is involved in embryogenesis in normal tissue (5, 6) . When EMT is stimulated, cell-cell adhesion and cell polarity are disrupted by disappearance of adhesion molecules such as E-cadherin, resulting in the acquisition of a mesenchymal phenotype. Consequently, cells which have acquired mesenchymal function activate the migratory and invasion capability in cancer (7) . For example, activation of the TGF pathway suppresses expression of E-cadherin and the microRNA-200 family, and maintains the mesenchymal phenotype through several EMT-related transcription factors such as TWIST, and those of the ZEB family and SNAI family (3) (4) (5) (6) (7) (8) (9) . However, details of the EMT regulatory network remain unclear.
MicroRNAs (miRNAs) are endogenous small non-coding, single-stranded RNAs of approximately 22 nucleotides that suppress gene expression post-transcriptionally by binding to complementary sites within the 3′ untranslated region (3′ UTR) of their mRNA targets (10) . miRNAs play important roles in maintaining homeostasis in the body pertaining to processes involved in development, differentiation, proliferation and apoptosis (11) . Additionally, miRNAs can function as tumor suppressor and oncogenes in cancer (12) (13) (14) . Related to the regulation of EMT, miRNAs have been identified in several studies, especially the miR-200 family which inhibits EMT through suppression of the ZEB family genes (15) . Recently, miR-655 has also been identified as a novel EMT-suppressive miRNA by using the CDH1 reporter screening system (16) . In contrast, few EMT-inducing miRNAs have been identified. These EMT regulatory miRNAs might be important diagnostic markers and aid in the development of new therapeutic agents for human malignancies.
In this current study, we identified a novel EMT-inducing miRNA by function-based screening of 328 synthetic miRNAs and characterized their function including examination of direct targets. The function-based screening can evaluate the biological effects of a large number of miRNAs on cancer cells directly. Additionally, this approach has already been demonstrated as useful in the exploration of miRNAs in their oncogenic or tumor suppressive effects on cancer cells (16) (17) (18) (19) . Using our cell-based reporter system, we previously identified miR-655 as being involved in the expression of GFP through dependence on the CDH1 promoter activity (16) . In this study, we established a novel cell-based reporter system, in which expression of TurboRFP is dependent on the VIM promoter activity in a GC cell line, MKN1, having phenotypic plasticity for EMT/mesenchymal-epithelial transition. We identified miR-544a as an EMT-inducing miRNA and showed that miR-544a directly regulates both CDH1 (E-cadherin) and AXIN2, resulting in the induction of the nuclear import of β-catenin; in other words, miR-544a induces EMT through activation of the WNT signaling pathway. Our findings suggest a potential role for miR-544a as a therapeutic target for metastatic GC.
Materials and methods

Cell lines
Characteristics and sources of the 29 GC cell lines used in the present study are listed in Supplementary Table S1, available at Carcinogenesis Online. GC cell lines were authenticated in our previous studies of array-CGH analyses (20) . All cells except for AGS cells were cultured in RPMI 1640 (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum; AGS cells were cultured in Ham's F12. Total RNA and protein were extracted from each cell line as described elsewhere (21) .
Western blotting and immunofluorescent staining
The following primary antibodies were used for western blotting or immunofluorescent staining: anti-E-Cadherin (#610181), anti-β-Catenin (#610153) (BD Biosciences, Franklin Lakes, NJ), anti-TCF8/ZEB1 (#3396), anti-APC2 (#12301), anti-GSK3β (#9315) (Cell Signaling Technology, Danvers, MA), anti-Vimentin Ab-2 (Clone V9, Thermo Fisher Scientific, Waltham, MA), anti-AXIN2 (ab109307) (abcam, Cambridge, UK), anti-tRFP (AB233) (Evrogen, Moscow), anti-β-actin, anti-β-tubulin (Sigma, St. Louis, MO) and anti-Lamin B (C-20) (sc-6216, Santa Cruz Biotechnology, Santa Cruz, CA). Western blotting and immunofluorescent staining were performed as described elsewhere (16) . The cytoplasmic and nuclear fractions were prepared with the NE-PER extraction kit (Thermo Scientific) according to the manufacturer's instructions.
Quantitative real-time RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to standard procedures. Single-stranded cDNA generated from the total RNA was amplified with a primer set specific for each gene. The quantitative RT-PCR (qRT-PCR) was performed using the KAPA SYBR system (Kapa Biosystems, Wilmington, MA) and an ABI PRISM 7500 sequence detection System (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions.
Gene expression values are expressed as ratios between genes of interest and an internal reference gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH), and subsequently normalized with the value for the control (relative expression level). For miRNAs, qRT-PCR was performed using an ABI Prism 7500 Fast Real-time PCR System, Taqman Universal PCR Master Mix, Taqman Reverse Transcription kit and Taqman MicroRNA Assays (Applied Biosystems), according to the manufacturer's instructions. Expression levels of miRNA genes were based on the amount of the target message relative to that of the RNU6B transcript as a control to normalize the initial input total RNA (22) . All samples were analyzed in a duplicated manner.
Luciferase activity assay
Luciferase reporter plasmids were made by inserting the 3′-UTR of CDH1, AXIN2 and APC2 downstream of the luciferase gene within pmirGLO DualLuciferase miRNA Target Expression Vector (Promega, Madison, WI). All site-specific mutations were using the GeneTailor site-directed mutagenesis system (Invitrogen). Luciferase reporter plasmids and pTK plasmids as the internal control were cotransfected in MKN1 cells or MKN28 cells, and the miR-544a or negative control-miRNA was transfected 5 h later. After 2 or 3 days, Firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega), and relative luciferase activity was calculated by normalizing the Firefly luciferase reading with its corresponding internal Renilla luciferase control (16) .
TCF/LEF reporter assay
We purchased the Cignal T-cell factor (TCF)/lymphoid enhancer factor (LEF) Reporter (luc) Kit (CS-018L) from QIAGEN. According to the manufacture's instruction, Cignal Reporter or Cignal Negative Control as the internal control and miR-544a or negative control were cotransfected in MKN28 cells, and medium was changed 24 h later. After 3 days, Firefly and Renilla luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega), and relative luciferase activity was calculated by normalizing the Firefly luciferase reading with its corresponding internal Renilla luciferase control (15) .
Transfection with synthetic miRNAs
A total of 10 nmol/l of miRNA was transfected individually into cells using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions. The dsRNA mimicking human mature miRNA for miR-504-5p (PM12429, miR-544a 
Plasmid construction and transfection
The promoter region of VIM (23) was obtained by PCR and inserted into a promoterless expression vector, pTurboRFP-PRL vector (Evrogen). The generated construct was verified by sequencing. The plasmid DNA was transfected into MKN1 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Cell survival assay
The numbers of viable cells were assessed by the crystal violet staining assay. The cells were washed in phosphate-buffered saline and fixed with 0.2% crystal violet in 10% formaldehyde in phosphate-buffered saline for 5 min. Excess crystal violet solution was discarded, and after being completely air-dried, the stained cells were lysed with a 2% SDS solution by shaking the plates for 1 h. Optical density absorbance was measured at 560 nm using a microplate reader (ARVOmx; PerkinElmer, Waltham, MA), and the percent absorbance of every well was determined. The optical density absorbance values of cells in control wells were arbitrarily set at 100% to determine the percentage of viable cells.
Screening system using a promoterless expression vector, pTurboRFP-PRL
The stable clone, PVimRFP-MKN1 cells, was established by the limiting dilution method after transfection of the reporter construct into MKN1 cells. First, PVimRFP-MKN1 (2.5 × 10 4 cells per well) was seeded on 24-well plates. After 24 h, 10 nmol/l of each of 328 miRNA from Pre-miRTM miRNA Precursor Library-Human V2 (Ambion) or negative control-miRNA was transfected in duplicate manner. After 72 h, the fluorescence intensity of the TurboRFP protein was measured by ARVO mx (Perkin Elmer). At the same time, living cells were enumerated by the crystal violet staining assay. The relative fluorescence intensity was calculated by the formula, the fluorescence intensity/the living cell rate.
Statistical analysis
Differences between subgroups were tested with the Mann-Whitney U test.
Results
The MKN1 GC cell line has plasticity of EMT
To investigate EMT status of 29 GC cell lines, we examined the expression of CDH1 (E-cadherin) and VIM (vimentin) in these cell lines by qRT-PCR and western blotting. We observed that the expression of vimentin was inversely correlated with expression of E-cadherin in mRNA and at the protein level ( Figure 1A and B), and we classified EMT phenotype in these cell lines based on EMT status. Then, we focused on MKN1 which expressed E-cadherin and vimentin, and investigated whether this cell line has the plasticity of EMT by treatment of EGF or transfection of miRNAs such as the miR-200 family. EMT of MKN1 cells were induced (induction of vimentin expression, reduction of E-cadherin expression) by treatment with 50 ng/ml EGF, whereas overexpression of miR-200a, b, c and -655 showed mesenchymal-epithelial transition phenotype (induction of E-cadherin expression, reduction of vimentin expression) in this cell ( Figure 1C ). These results suggested that MKN1 cells have the plasticity of EMT; thus, we applied it to a cell-based reporter system for investigating VIM-promoter activity with MKN1 cells.
Establishment of a cell-based reporter system for investigating VIM-promoter activity with MKN1 cells
To conduct function-based screening of EMT-inducing miRNAs, we established a cell-based reporter system. The promoter region of the VIM gene (23) located in the 5′ untranslated region (5′ UTR) and exon 1 (from nt −1497 to +89 relative to the transcription start site, TSS, at the 5′ end of the gene) was prepared by genomic PCR using specific primers, and was inserted into the promoterless expression vector, pTurboRFP-PRL, at the multiple cloning site upstream of the TurboRFP gene (PVimRFP) ( Figure 1D ). We first transfected the PVimRFP into MKN1 cells, and then carried out cloning of stable transfectants by limiting dilution. Then, we selected a single clone (PVimRFP-MKN1) which was most sensitive to EGF and TGF-β, cytokines known to be EMT-inducing. In PVimRFP-MKN1, the fluorescence intensity and protein level of TurboRFP were remarkably increased by treatment with 50 ng/ml EGF or 25 ng/ml TGF-β compared with control, and we observed the induction of vimentin expression and reduction of E-cadherin expression ( Figure 1E and F) . These results suggested that the expression of TurboRFP and vimentin were synchronized. Thus, we concluded that TurboRFP expression was tightly regulated under the VIM-promoter in our cell-based reporter system for function-based screening of EMTinducing miRNAs.
Function-based screening of EMT-inductive miRNAs with our cell-based reporter system
To identify EMT-inducing miRNAs, we performed functionbased screening, in which the fluorescence intensity of TurboRFP was made into an own manner, using our cell-based reporter system and 328 dsRNAs at 10 nM. The strategy and partial results are shown in Figure 2A . Figure 2B shows results of this screening in PVimRFP-MKN1 72 h after transfection with each miRNA (Supplementary Table 2 , available at Carcinogenesis Online). In Table 1 , 20 miRNAs were considered candidate EMTinducing miRNAs. Among them, 15 miRNAs satisfied the following criteria; (i) the relative fluorescence intensity that markedly increased (1.5-fold change of mean fluorescence intensity compared with the control), (ii) no influence on cell growth (the normalized optical density absorbance value is between 0.5 and 1.5). Furthermore, we selected five miRNAs which produced a markedly altered cell shape into a form similar to mesenchymal cells. This resulted in the selection of 10 miRNAs (miR-9-5p,
-29a-3p, -29b-3p, -103a-3p, -105-5p, -107, -126-3p,-504-5p, -544a
and let-7c-5p) as EMT-inducing candidate miRNAs. To validate whether these candidate miRNAs induce EMT, we performed qRT-PCR after transfection of each miRNA in MKN1 cells. Overexpression of four miRNAs induced expression of VIM and a reduced expression of CDH1 compared with control ( Figure 2C ). Furthermore, we confirmed the protein expression of vimentin and E-cadherin in MKN1 cells ( Figure 2D ), and found that overexpression of miR-544a significantly reduced the expression of E-cadherin compared with control, suggesting miR-544a to be a prime candidate as an EMT-inducing miRNA.
miR-544a promotes cell motility and invasion in vitro through EMT phenotype change
To determine whether miR-544a induces EMT phenotype, we checked expression of other EMT markers in MKN1 and MKN28 cell lines. Expression of Snail, an EMT-inducing transcriptional factor, was increased by miR-544a in MKN1 and MKN28. In addition, expression of ZEB1 was also induced by miR-544a in MKN1 ( Figure 3A and B) . These results suggested that EMT by miR-544a was induced through Snail and ZEB1. We next performed migration and invasion assay for revealing EMT function by miR-544a. Then, we confirmed that overexpression of miR-544a did not altered the cell growth compared with miR-negative control (miR-NC) in MKN1 and MKN28 cell lines ( Figure 3C ). Cell motility and invasion abilities were investigated in miR-NC and niR-544a transfectants by transwell migration and invasion assay in vitro. miR-544a overexpressed cells showed faster cell migration and invasion through matrigel-coated or uncoated membranes, respectively, than the miR-NC-transfectant in MKN1 and MKN28 cell lines ( Figure 3D and E). These results showed that miR544a induced EMT through the typical pathway such as Snail and ZEB1. 
miR-544a induces EMT by regulating nuclear import of β-catenin
To investigate other EMT-inducing mechanisms of miR-544a, we first focused on CDH1, which is known to be a direct target of miR-544a. Since we observed that reduced expression of E-cadherin correlates with overexpression of miR-544a, we examined whether miR-544a directly targets CDH1 which has two predicted regions for binding of miR-544a in the 3′ UTR. We performed the luciferase reporter assay using vectors containing the wild-type or mutant of each region of the 3′UTR in CDH1. We detected statistically significant reductions in luciferase activity in wild-type constructs and not in mutant constructs in region 2, whereas miR-544a could not bind to region 1 ( Figure 4A ), indicating that CDH1was a direct target of miR-544a. Next, we hypothesized that β-catenin translocates from the cytoplasm to the nucleus through the reduction of E-cadherin by miR-544a. It is already known that β-catenin maintains the cell-cell contact through the cadherin-catenin complex and is a key regulator in the canonical WNT signaling pathway. β-catenin in the nucleus functions as an activator for TCF/LEF transcription factors that result in the induction of EMT. To evaluate whether this hypothesis is correct, we performed immunofluorescence analysis and western blotting using the cytoplasm or the nucleus separated samples in MKN28 cells. We observed that β-catenin translocated from the cytoplasm to the nucleus by overexpression of miR-544a in both analyses ( Figure 4B and C). These results suggested that miR-544a controlled the location of β-catenin through the regulation of E-cadherin expression.
miR-544a might stabilize β-catenin by the regulation of WNT signaling pathway
Since we found that miR-544a regulated the nuclear import of β-catenin, we searched the website, TargetScan Human 6.2 (http://www.targetscan.org/), for direct targets of miR-544a related to the WNT signaling pathway. As a result, we focused on APC2, AXIN2 and GSK-3β as potential candidates. We first analyzed whether expression of these genes are reduced by overexpression of miR-544a. Overexpression of miR-544a decreased expression of APC2 and AXIN2, but not GSK3β ( Figure 5A ). We next performed the luciferase reporter assay using vectors containing the wild type or mutant of each 3′ UTR in these genes. We detected statistically significant reductions in luciferase activity in wild-type constructs, but not in mutant constructs in AXIN2, whereas miR-544a could not bind to APC2 ( Figure 5B) . Furthermore, to investigate whether nuclear imported β-catenin by miR-544a induces TCF/LEF activity, we performed TCF/LEF reporter assay with MKN28 cells ( Figure 5C ). Since TCF/LEF activity was increased by miR-544a, expression of VIM might Taken together, our findings suggested that miR-544a induces the nuclear import of β-catenin and suppresses E-cadherin and AXIN2, resulting in the induction of EMT through the activation of TCF/LEF ( Figure 5D ).
Discussion
EMT is known to contribute to cancer progression and metastasis (4, (6) (7) (8) . Cancer cells undergoing EMT can acquire invasion capability and enter the surrounding tissue, resulting in the induction of metastasis. Moreover, the effect of EMT not only includes increasing migration, invasion ability and metastatic potential, but also the acquisition of chemoresistance. Taken together, we consider that the development of EMT inhibitors might provide opportunities for both prevention and treatment of cancer. Presently, most anticancer drugs target overexpressed oncogenes in cancer cells, whereas there are very few therapies targeting tumor suppressor genes. Thus, the identification of EMT-inducing miRNAs may be key in leading to the development of other effective anticancer therapeutics.
In this study, we identified miR-544a as an EMT-inducing miRNA by function-based screening. Although miR-544a induces an EMT phenotype by targeting CDH1 directly and increases migration and invasion ability (24) , the detail mechanisms remain unclear. Moreover, a previous study revealed that the acquisition of the self-renewal ability is induced by activation of the WNT signaling pathway through degradation of GSK3β which is a direct target of miR-544a in lung cancer (25) . Therefore, we hypothesized that miR-544a might induce EMT by the regulation of both the reduction of adhesion molecules and the activation of WNT signaling pathway through targeting genes involved in this pathway. We first revealed that increasing of Snail and ZEB1 expression by miR-544a was one of EMTinducing mechanisms. Moreover, we also confirmed that CDH1 was directly targeted by miR-544a leading to the reduction of E-cadherin. However, a reduction in GSK3β protein with miR544a was not observed, indicating that GSK3β is not a target of miR-544a in MKN28 cells. An examination of other WNT signalrelated genes, AXIN2 and APC2, as candidates target genes showed that miR-544a reduced protein levels of these genes; AXIN2 was a direct target of miR-544a, but not APC2. Particularly, AXIN2 is a direct Wnt/β-catenin target gene and functions in a negative feedback loop to control cytosolic β-catenin levels in response to the WNT signaling pathway (26) . Thus, reduction of AXIN2 by miR-544a might disrupt the function of the WNT signaling pathway. These results suggest that miR-544a suppresses E-cadherin expression and regulates the WNT signaling pathway through the reduction of AXIN2 and APC2 in GC, directly and indirectly.
β-catenin is known to regulate the canonical WNT signaling pathway through its degradation or translocation into the nucleus and maintaining cell-cell adhesion by binding to E-cadherin in cytoplasm (27) . It has also been reported that the aberration of β-catenin, inducing the activation of function, was frequently detected in GC and affected the function of the WNT signaling pathway (28) . Moreover, β-catenin in the nucleus forms a complex with TCF/LEF, resulting in the induction of cellular effects involving tumor development and EMT in cancer. Since we found that miR-544a reduces expression of E-cadherin, AXIN2 and APC2, we evaluated the nuclear import of β-catenin. As expected, β-catenin was translocated from the cytoplasm to the nucleus by miR-544a. In addition, we could confirmed that nuclear imported β-catenin by miR-544a induces TCF/LEF activity; in other words, miR-544a activated WNT signaling pathway, resulting in the induction of VIM expression. Consequently, the mechanism by which EMT is induced by miR-544a showed to be a translocation of β-catenin to the nucleus by the reduction of E-cadherin, AXIN2 and APC2 expression.
In conclusion, we established a cell-based reporter system for monitoring the promoter activity of VIM, and identified miR-544a as an EMT-inducing miRNA using this system. Overexpression of miR-544a markedly induced the increasing of vimentin expression and reduction of E-cadherin expression and promoted cell motility and invasion in vitro in GC cell lines, clearly indicating that miR-544a induces EMT. Furthermore, AXIN2 and APC2, which are cardinal components of the WNT signaling pathway, were characterized as direct and indirect targets of miR-544a. Taken together, the reduction of E-cadherin, AXIN2 and APC2 induced the nuclear import of β-catenin, so that EMT was occurred by the increasing of TCF/LEF activity. Our results suggest EMT-inducing miR-544a, targeting E-cadherin, AXIN2 and APC2, has a potential to become a prognostic marker and therapeutic target for GC.
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